Objective: Peroxiredoxins (Prx) belong to peroxidase type enzyme group which reduce redox active cysteine residues. The aim of this study was to determine the allele frequencies of Prx 6 gene rs41055489 polymorphism in zebrafish and in which extent may improve protective measures against oxidative stress indicators. Methods: The Prx6 gene rs41055489 genotypes were determined with qPCR method in zebrafish exposed to different doses of heavy metals. Additionally, the glutathion (GSH), malondialdehide (MDA) and catalase (CAT) levels were measured. Results: The Prx6 gene rs41055489 genotype frequencies were determined respectively as 97.7% for homozygous wild type (A/A), 2.3% for heterozygous (A/C) in group. The polymorphic genotype (C/C) was not detected in our study group. Conclusion: Prx6 rs41055489 heterozygous gene polymorphism have been observed to inhibit defence mechanisms.
Introduction
Oxidative stress plays a role in the formation and development of many diseases. Antioxidative enzymes serve against oxidative stress in cellular defense by removing reactive oxygen species (ROS) such as superoxide and hydrogen peroxide. Changes in the activities of signaling pathways resulting from an increase in antioxidant enzyme levels provide an increased oxidative stress resistance as well as a high quality of life (1, 2) .
Peroxiredoxins (Prxs) are members of the family of peroxidases showing a wide distribution in prokaryotic and eukaryotic organisms. Prxs are enzymes used for the reduction of hydrogen peroxide in the redox-active cysteine residue (3). The most important task of Prx is to show its antioxidative effect by reducing or inhibiting the toxic effects of organic hydroperoxides (ROOH), peroxynitrites, and hydrogen peroxides (4) . In literature, in studies performed on people, yeast, and Drosophila, Prx ROS have been reported to be involved in enzymatic transport and to protect body cells against oxidative stress (5-7). According to their catalytic mechanisms, Prxs are classified as typical 2-Cys, atypical 2-Cys, and 1-Cys (8, 9 ). Prx-6 is classified in the 1-Cys subgroup of the Prx family and is in charge of antioxidative events (7, (10) (11) (12) . The Prx6 gene has also been identified in some aquatic species such as Laternula elliptica (13) , Chinese shrimp, Fenneropenaeus chinensis (14) Haliotis discusdiscus (15) , Crassostrea gigas (16) , and Arenicola marina (17) . This gene was sequenced in only four species of fish including Salmo salar (GenBank code. ACI 67571), Oncorhynchus mykiss (GenBank code. NP_001158604), Ictalurus punctatus (GenBank code. ABG77029), and Danio rerio (GenBank code. NP_957099) (18). The peroxiredoxin gene is located in the 1719953rd position of the rs41055489 polymorphism in chromosome 20 (19) . The rs41055489 polymorphism occurs as a result of an A-C nucleotide exchange (19). In literature, 100 single nucleotide polymorphisms belonging to the Prx-6 gene have been identified (19).
Heavy metals accumulate in the food chain through metabolically active tissues and organs. This bioaccumulation leads to functional and structural defects at the cellular and molecular level. After short-term cadmium (Cd) impact, hematological effects, disturbances in calcium balance, histopathological changes in tissues such as kidney, gills, and intestines, ion level changes of extracellular fluid and osmoregulation capacity differences can be observed in aquatic organisms (20) .
Cd may disrupt basic physiological and biochemical mechanisms such as neurotransmitter, transepithelial transport, the immune system, and oxidases by influencing various enzyme systems in fish. Further, Cd is known to impair the balance of copper (Cu) and zinc (Zn) by replacing Zn and Cu, which are enzyme pools in cells (21) . Elevated Cu levels in cells leads to genotoxic and cytotoxic effects. Cu exerts its toxic effects by causing lipid peroxidation (LPO) and DNA damage and by disrupting the balance of calcium (22) . Cu entering the aquatic environment first interacts with fish gills and then exerts its toxic effects on the liver and intestines in freshwater fish (23, 24) .
In sublethal environmental concentrations of Zn, which is a metabolic element, the growth of fish slows down; further, swimming movements and blood biochemistry change, and the spawning capacity also decreases (25) . Zn accumulation is most frequently observed in the gills and intestines.
The purpose of this study is to determine preventive measures developed against oxidative stress markers depending on the rs41055489 genotypes of the Prx6 gene whose antioxidative effects are seen in the gills of zebrafish (D. rerio), which is an vertebrate model organism.
Methods

Study group
Forty-three pieces of zebrafish that were commercially provided were brought to the research laboratory in polyurethane bags. Zebrafish were grouped and put in seven test glass aquariums with a size of the 70×30×45 cm. The water temperature in the aquarium was fixed at 26-28°C and the pH was 7. A sufficient level of oxygen (9-12 mg/L) was pumped into the aquariums with the help of an air pump. The powder of fish feed was used to feed the fish. This feeding was repeated twice a day, in the morning and in the evening, until the fish were full. The fish were not fed during toxicological tests (26) . After the adaptation of the fish to the environment, Cu (0.1-ppm Cu, n=6 and 0.5-ppm Cu, n=5), Zn (0.1-ppm Zn, n=7 and 0.5-ppm Zn, n=6), and Cd (0.1-ppm Cd, n=8 and 0.5-ppm Cd, n=5) were added in the aquariums for 24 h at growing and different doses. The same physical conditions were also applied in the control group (n=6). No anesthetic was given to the fish to relieve the stress. At the end of the specified test period, after the fish were numbed with cold shock for 3-5 min at −20°C, their gill tissues were quickly dissected. The gill samples taken from each fish were divided into two, and one part was used for determining the genotype, while the other was used for biochemical analysis.
DNA isolation and genotype determination
DNA isolation from gill tissues was performed in accordance with the High Pure PCR Template Preparation Kit protocol (Roche, Germany). The rs41055489 polymorphism was determined by real-time polymerase chain reaction (RT-PCR) and using the LightCycler 2.0 Instrument (Roche Diagnostics, Germany). Using the LightCycler® FastStart DNA Master HybProbe kit conforming to the LightCycler 2.0 qPCR device and hybridization probe (FRET) (TIB Molbiol Kit), the genotype of the Prx-6 rs41055489 gene polymorphism was determined. Genomic DNA was isolated from the gill tissue samples of the fish groups and control group fish exposed to heavy metals such as Cu, Zn, and Cd using the High Pure PCR Template Preparation Kit (Roche) (27) . A hybridization probe and primer sequences were used to determine the rs41055489 genotypes. Using hybridization probes of rs41055489 single nucleotide polymorphisms with the LightCycler FastStart DNA Master kit, the target area was quantitatively enlarged by the PCR LightCycler 2.0 system. Using melting curve analysis, the genotypes were determined by examining the appropriate melting temperature.
Preparation of 10% tissue homogenate
By separately washing the gill tissue samples with saline, blood was removed; the samples were dried with a filter paper and weighed. They were homogenized in a dismembrator with the help of a necessary amount of saline and glass beads. Each tissue homogenate was placed in separate Eppendorf tubes; they were tagged and stored at −20°C until they were analyzed.
Determination of malondialdehyde (MDA) level in gill tissues
Absorbance of the pinkish color occurring after the reaction between MDA, which is an indication of LPO in the tissues, and thiobarbituric acid was spectrophotometrically measured. The LPO levels in tissue homogenates were calculated as nmol MDA/mg protein using the extinction coefficient (1.56.105 M −1 cm −1 ) determined for MDA (28) .
Determination of reduced glutathione (GSH) level in gill tissues
The colored product that occurs as a result of the reaction between Ellman's reagent 5,5′-dithiobis-1,2-nitrobenzoic acid and sulfhydryl groups was spectrophotometrically evaluated. GSH levels in the homogenate were calculated as GSH μg/mg protein using the dilution factor and extinction coefficient
) of the yellow-colored product at 412 nm (29) .
Determination of catalase (CAT) activity in gill tissues
CATs catalyze the conversion reaction of hydrogen peroxide (H 2 O 2 ) to water (H 2 O). This conversion can be monitored through the decrease of absorbance at 240 nm. The absorbance decrease in 1 min corresponds to CAT activity. CAT activity in the supernatant was calculated using the determined extinction coefficient of 0.004 (0.00394) mM −1 /mm −1 as U/mg protein/min to the extent of dilutions made (30) . 
Statistical analysis
Results
To our knowledge, this is the first study where correlations between antioxidant enzyme levels-an indicator of antioxidant defense mechanisms against heavy metals and the Prx6 rs41055489 gene polymorphism were researched and reported in our country.
The Prx6 gene rs41055489 genotype frequencies of the zebrafish are presented in Table 1 without ignoring any group. For genotype frequencies of the Prx6 rs41055489 gene polymorphism, it was found to be 97.7% for the A/A (wild type) genotype and 2.3% for the A/C (heterozygous) genotype. In our study, no fish carrying (C/C) in the form of polymorphic genotype homozygous was encountered ( Table 1 ).
The frequencies of the control and Prx6 zebrafish gene rs41055489 genotype that were exposed to heavy metals are given in Table 2 . The Prx6 rs41055489 genotype of only one fish was identified as heterozygous in the group (group 7), where 0.5-ppm Cd was added among the experimental groups and all fish in the other groups were found to have the wild-type genotype (Table 2 ).
Heavy metals (Cu, Cd, and Zn) in different sublethal doses were applied to the commercially provided zebrafish, and the levels of LPO, antioxidative enzymes (GSH and CAT), and total protein in the gill tissues are mentioned in separate tables for each heavy metal ( Table 3 ). The GSH level of fish (group 7) determined to be in the heterozygous genotype was 0.08804 μg/mL, lower than the group of fish to which Cd was applied at the same level; the MDA level was 0.36417 μg/ mL, higher than the group of fish to which Cd was applied at the same level. As the CAT level was below measurable limits, it could not be determined (Table 3) .
Discussion
Genetic toxicology is a branch of science investigating toxic effects occurring in DNA. Genetic information encoded in DNA is copied and originally transferred to future generations. In a normal biological process, distortion may occur in the genetic structure as a result of the interaction of physical, chemical, and biological factors with DNA. Fishes have often been used as model organisms in the last decade for the investigation of genotoxic effects associated with aquatic ecosystems (31).
GSH is important in antioxidant defense as oxygen radical scavengers. Changes in GSH levels are an important indicator of the detoxification abilities of living organisms. The GSH system in fish works by acting as a cofactor in different ways against oxidative damage. The antioxidative function of GSH occurs in cells depending on the concentration and reaction and synthesis rates. Because metal-GSH conjugation ensures the discharge of metals by way of bile, the antioxidant defense capacity decreases depending on the depletion of GSH (32) . GSH levels are essential for the preservation of cellular function and may decrease in the event of detoxification and oxidative stress. However, in the event of ongoing stress, the GSH/GSSG (reduced/oxidized form of GSH) ratio increases to counteract oxidative stress with the effects of adaptive mechanisms (33) . GSH, which is the substrate of many enzymatic and non-enzymatic detoxification reactions, is considered to be an effective biomarker for fish exposed to pollutants. GSH removes metals by connecting them with highly reactive sulfhydryl groups existing in its structure (34) . In our study, compared to the control group, higher Cu doses of 0.1 and 0.5 ppm added to the fish show that Cu is kept, depending on the presence of GSH in the gills. In our study, because the fish with the wild-type genotype for the Prx6 gene rs41055489 variation was encountered in none of the groups where Cu was added, no comment could be made on the effects of gene polymorphism on GSH levels. The Prx6 rs41055489 gene polymorphism was found in one zebrafish in the heterozygous form only in the group where 0.5-ppm Cd was added among all study groups. The GSH levels measured in this fish carrying the heterozygous gene polymorphism (0.08804 μg/mL) was found to be lower in comparison to the other fish (0.2217 μg/mL) to which 0.5 ppm Cd was added and had a homozygous wild-type gene polymorphism. We think that this reduction determined in the GSH level results from the inhibitory influence of an allele inactively existing in the Prx6 gene.
MDA is one of the products that form as a result of LPO and is a parameter commonly used to demonstrate oxidative damage. A high amount of MDA indicates LPO. The nonoccurrence of LPO or occurrence in low levels indicates the protective effects of oxidative enzymes. Because MDA can interact with DNA and proteins, it leads to the irreversible distortion of mechanisms that determine the functional capacity of cells (35) . It has been reported that MDA exerts biological effects by forming crosslinks between DNA strands (36) . It is also known that MDA forms crosslinks between DNA and protein (37) . Although the results that the aforementioned genotoxic activities of MDA bring about in cells are not exactly known, they are believed to cause mutations. The damaging effect of Cu to DNA occurs due to its interaction with MDA. Being reduced in the first 20 min or oxidized, 95% of Cu entering the cell is activated to make the known effects. In our study, together with increasing doses of metals (Cu, Zn, and Cd) added to fish in homozygous wild type for the Prx6 rs41055489 gene polymorphism, the detected decline in the MDA levels can be interpreted to reduce the LPO activities for eliminating the damage caused by the metals in gill tissues. However, for the Prx6 rs41055489 gene polymorphism, a significant increase in MDA level detected in heterozygous fish (0.36417 μg/mL) reveals the nonoccurrence of the expected reduction due to the polymorphic allele.
The liver and kidney tissues of fish are rich in antioxidant defense systems such as CAT and SOD to be protected from oxidative stress caused by metals (38) . CAT is a peroxidase using H 2 O 2 as a substrate and breaking down oxygen (O 2 ) and H 2 O, thus providing H 2 O 2 detoxification. CAT, passing through all biological membranes, inactivates some enzymes. It was reported that in fish exposed to inorganic or organic contaminants, CAT activity responses depending on dose show differences in terms of induction or inhibition (39) . Therefore, CAT activity determined immediately before harmful effects occurred in fish was accepted as a sensitive biomarker for oxidative stress (40) . It was shown through cell culture experiments that the destruction of DNA damaged by heavy metals was tried to be completely eliminated with increased CAT activity. While cells in which DNA breaks cannot be repaired are directed to programmed cell death, transcriptional activity is completely stopped (41) .
In a study where the effects of metals (Cu, Cd, iron, and nickel) to the biochemical and morphological characteristics of the gills of Channa punctata are examined, reductions depending on time have been observed in the activities of antioxidant enzymes such as CAT, GST, and SOD (42) . No study showing the interaction of heavy metal and genotoxicity in zebrafish was found in literature. Because the expected CAT activity decreased in the Prx6 gene rs41055489 heterozygous genotype fish in which 0.5 ppm Cd was added, the activity, which was spectrophotometrically below the measurable limit, could not be determined in this study.
Conclusion
It was determined that even the lowest sublethal doses of heavy metals activate antioxidant defense mechanisms in cells. The heterozygous form of the Prx6 rs41055489 gene polymorphism was observed to inhibit the work of existing defense mechanisms.
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